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I  NT IS  UP A* I 


1.0 


EXECUTIVE  SUMMARY 


1.1  Overall  Objectives 

.ft* 

The  overall  objective  of  this  program  was  to  initiate  a 
multi-disciplinary  and  multi-institutional  research  program 
involving  the  innovative  application  of  biotechnology  to 
materials  science  problems. 


1.2  Significant  Accomplishments 

Fundamental  research  on  the  activation  of  CO^  by  carbonic 
anhydrase  modified  by  the  substitution  of  cobalt(II)  for  zinc  in 
the  enzyme  demonstrates  that  rapid  conversion  of  C02  to  HCO-j 
occurs  in  the  active  site  adjacent  to  the  metal  and  that  the 
catalyt  ical  ly  active  HCO-j  is  coordinated  to  the  cobalt. 

Techniques  f  *-  the  mnol  ilization  and  activity 
characterization  •>  Levine  :.it  bonis  anyhdrase  on  porous  silica 
beads  and  graphite  tods  have  LeeiT  developed.  The  enzyme 
immobilized  on  porous  silica  Leads  maintains  catalytic  activity 
in  nearly  anhydrous  organic  s<  lvents.  We  have  also  produced 
polyclonal  (rabbit)  and  monoclonal  : murine)  antibodies  to 
carbonic  anyhdrase  for  enzyme  immobilization  applications. 

We  have  successfully  prepired  and  characterized  several  low 
molecular  weight  complexes  containing  low  valent  transition 
metals  which  have  potential  for  binding  and  activating  small, 
biologically,  relevant  molecules.  Multi  nuclear  variable 
temperature  NMK  has  been  successfully  utilized  to  study  the 
solution  dynamics  of  these  complexes. 

Tetraa/a! 1 4 ) annu 1 ene  metal  complexes  were  designed  and 
prepare!  which  could  be  e 1 ect ropo 1 ymot  i zed  on  an  electrode 
surface.  Nickel(ll)  complexes  of  these  polymerized  macrocycles 
were  used  to  »>  1  ect  ronica  1  1  y  reduce  CO?  to  HC03  . 

The  nickel-containing  cofactor  (F.jiq)  °f  the  enzyme  involved 
in  the  1 inal  step  of  CO^  reduction  in  mothanogenic  bacteria  has 
been  characterized  electrochemical ly  and  looked  at  for 
interaction  with  its  substrate  (CH3C0M)  and  substrate  analogs, 
the  analysis  indicated  no  specific  interaction  during  electro- 
catalytic  turnover. 

A  polyanionic  sul  fated  glycoprotein  was  isolated  1  ro::i  a 
molluscan  shell,  combined  with  various  polymeric  substrates,  and 
found  to  induce  mineralization  at  the  interface  with  an  nquecu  . 
solution.  The  minerals  defined  included  various  forms-  of  calcium 
carbonate  and  of  calcium  phosphate.  in  order  to  induce  bulk 
mineralization,  hydrogels  were  prepared  and  seeded  with  a 

calcium  phosphate  microphase  and  lurther  extensive  mineral  iza*.  ion 
was  (achieved  throughout  the  material. 


2.0 


BIOCATALYTIC  ACTIVATION  OF  CARBON  DIOXIDE. 


2.1  Original  Objectives 

An  original  objective  was  to  study  the  binding  and 

activation  of  C02  by  Co(II)  substituted  carbonic  anyhdrase.  This 
is  a  modified  enzyme  in  which  the  zinc  in  the  enzyme  has  been 
replaced  with  cobalt(II).  A  further  objective  was  to  investigate 
C02  activation  by  low  molecular  weight  transition  metal  complexes 
as  model  systems  for  biocatalytic  C02  activation. 

2.2  Progress  Made 

2.2.1  Activation  of  C02  by  a  Modified  Enzyme 

NMR  results  on  cobalt (IT)  substituted  carbonic  anyhdrase 
(CA)  suggest  that  catalyt ically  active  HCO^  is  associated  with 
tctracoord i nate  Co (II)  in  the  active  site  and  that  the 
dissociation  rate  constant  of  HCOj  is  only  about.  2.5  times  the 
overall  co2  -  —  HCOJ  exchange  rate  constant,  kca t  ex.  We  have 
also  determined  changes  in  catalysis  and  metal  binding  during 
protein  folding  and  measured  i nt racel 1 u 1  a r  rates  of  C02  hydration 
using  native  CA. 

2.2.2  Preparation  and  Characterization  of  Low  Molecular  Weight 
Metal  Complexes  as  Potential  Models  for  Bio-Catalytic 
Processes . 

A  number  of  transition  metal  complexes  have  been  prepared 
and  characterized  which  can  act  as  active  si  to  model:'  for  enzyme 
catalyzed  bioreactions.  Carbon  dioxide  activation  studies  were 
in  i  t  i  ttod  with  <i  series  of  rhodiun(l)  phosphine  complexes.. 
Evidence  lor  CO.,  activation  by  b  i  s  ( cycl  ooct.a  -  1  ,  s-d  i  one )  -bis. 

[  1  -  (  f ,  -1  -d  i  methyl  -3-phospho  1  eny  1  )->,•!  -d  i  methy  1  -  -phosphol  one  ] 
d  i  r  hod  i  urn  (  I  )  tot  ra  f  1  uorohor.it e  j  Rh  ( c,d{  ^ )  -M -  ( c  j  2 H.,  0  P., , )  ]  .,  (  )  ., 

was.  obtained,  but  the  nature  ol  the  activation  anti  intermediates 
formed  wore  not  completely  elucidated.  During  the  course  of  this 
investigation  several  new  rhod i urn ( 1 )  phosphine  complexes  were 
sen?  lifts,  i  zed  and  their  sol  ut  ion  dynamics-  invest  i  gated  . 


"he  sol  id  state  structure  of  b i s ( eye  1 ooct a  - 
1  -  (  3  ,  •)  -d  i  met  hy  1  - 3 -phosj >ho  1  eny  1  )  -  ,  4  -d  i  methy  1 


-u  i  c  me )  -  y  ,  - 
phospho lone  I 


\  t  *  '  *  J  ‘  '  v  I  »  y  ,  .  ;  '  /  v  4  i  m  i  J  '  I  w-  '  |  n  i  v/  r  v  .  i  u.  J 

d  i  rhod  i  un  (  1  )  t  •  d  ra  I'  1  uor<  >bo  rate  (lj  [  Kh  (  c;JH  j  II  2  ()  1  s, )  ■ 2  ( IU  ,  )  , ,  was 
determined  by  x-ray  diffraction.  two  d  i  pliospl  ne"  1  Icjands-  laridcje 
t  wo  Rh  (  1  )  -it  . .  *•  ~  -  .  ■  ; 11  a  •- 


two  Rh  (  1  )  atoms  to  torm  a  s  ix-meist.er  Rh,P,  ring  s.t  ructuro  in  a 

chair  <  -on  f  on- ■  it l  on  .  Solution  studies  (  I!  and  ''(•  11)  v.inabl  c 

temperature  I  .'MR  spectra)  exhibit  characteristics  of  a  ring 
inversion  equilibrium  with  G  f .,  7  j  1  4 .0(0.2)  kcal/mole.  Computer 
Simula*  ion  of  the  J1P  ^1!  NMR  spectrum  was  used  to  analyze  the 
i  :itor  nucle.ir  couplings,  ot  the  AA '  A  '  '  A  '  '  '  XX  '  pattern  (A  '^P,  X 
!  l5l:h).  The  bridging  d  i  phos.ph  i  ne  1  icjands,  exhil  '*  '  lesliieldiiig 

c  ;i<-it  on  t  ti<  ■  t  a  .ms  old  inis  carbon  atoms,  ot  C.dl  ,  in  (!)  which 

is  in  the  r-.nge  norma  1  1  y  found  for  phosphine  1  icjands . 


i  s.  ix-inoisber  Rh,P,  ring  s.t  ructuro 

don  stud  i  os  <  I  and  ‘  ’  <  1  ■  1  1 1  i  v.in 


l  . .  ■!  1-1 

chair  conformation.  Solution  studies  (11  and 
tempi  rature  NMR  spectra )  exhibit  cliarart  orist  ic: 
inversion  equilibrium  with  Gt'27(  14.(i(0.2)  k< 


Conformational  barriers  in  cis-phosphine  complexes  ol  two 
pairs  of  isomeric  ligands  (Rh (COD) (L) 2+/  L  =  ant i -  or  syn-9- 
phenyl-phosphabicyclo[ 4 . 2 . 1 ] nona-2 , 4 , 7-triene  (1  or  2)  or  L  = 
anti-  or  syn-9-phenyl-phosphatricyclof  4 . 2 , 1 . 02 .  ]nona-7-cnc  (5  or 
4))  were  studied  by  variable  temperature  -*--*C,  31P  and  ^ H  NMR 
spectroscopy.  Conformational  barriers  result  Iron  interligand 
steric  interactions  encountered  during  Rh-P  bond  rotations. 

These  barriers  arc  quite  sensitive  to  individual  ligand 
structure,  with  L  1  or  3  exhibiting  no  conformational 
preference  within  the  temperature  range  studied.  'lhe  symmetries, 
of  the  low-energy  conformations  for  L  -  2  or  4  were  assigned  by 
considering  the  change  in  their  chemical  environments.  Their 
conlormcr  populations,  were  determined  by  their  !  ^  P  and  *11  NMR 
spectra  (I,  =  4)  and  1 JC  NMR  spectra  (I.  -  2).  Differences  between 
the  low-energy  conformations  for  complexes  with  L  -  2  and  L  =  4 
are  due  to  different  ligand  dimensions. 
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3-0  ENZYME  IMMOBILIZATION 

3.1  Original  Objectives 

1)  To  immobilize  a  model  enzyme  (carbonic  anyhdrase)  on 
various  supports  and  determine  surface  coverage,  stability,  and 
activity  of  immobilized  enzyme  in  both  aqueous  and  non-aqueous 
media . 

2)  To  develop  antibodies  to  carbonic  anyhdrase  lor  use  in 
enzyme  immobilization. 

3.2  Progress  Made 

3.2.1  Preparation  and  Activity  of  Bovine  Carbonic  Anyhdrase 

Immobilized  on  Porous  Silica  Beads  (CPG)  and  Graphite 

Techniques  for  the  i mmob i ! ization  of  bovine  carbonic 
nnhydrase  (MCA)  on  porous  sil  km  beads  and  graphite  have  boon 
developed.  Surface  coverage  <>n  porous  silica  beads,  was.  found  t  <. 
be  1.5  x  10"  ’  mmol  MCA/ns  -t  e  r"  and  on  graphite  1.7  >;  l()~!  mmol 


MCA/meter*'  nominal  surf  a- 
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3.2.2  Catalytic  Activity  of  Immobilized  Bovine  Carbonic 
Anyhdrase  in  Mixed  Aqueous/Organic  Media 


The  catalytic  activity  of  bovine  carbonic  anyhdrase  ( BCA) 
immobilized  on  porous  silica  beads  was  determined  in  aqueous 
mixtures  of  ethanediol,  acetonitrile,  and  d ichloromethane . 

Enzyme  activity  was  determined  in  each  solvent  system  as  an 
apparent  second-order  rate  constant,  k'ENg,  for  the  hydrolysis  of 
p-nitrophenyl  acetate  (p-NPA)  at  pH  8,  259C.  Immobilization  war, 
found  to  enhance  the  stability  and  activity  of  BCA  in  mixed 
solvent  media  relative  to  the  free  enzyme. 

3.2.3  Anti-Enzyme  Antibodies 

To  obtain  monoclonal  anti -carbonic  anhydrase  (CA) 
antibodies,  fusions  were  performed  usincj  spleen  cells  from 
immunized  mice  of  the  BAl.B/c  and  of  the  RBF/Dn  inbred  strains. 

In  both  instances  hybridomns  producing  anti-CA  antibodies  were 
identified  and  subsequently  cloned  and  subcloned  by  limiting 
dilution.  Most  o!  the  ant.  i-CA  monoclonal  antibodies  produced  uy 
these  clones  were  of  the  IgM  class  although  mice  were  repeatedly 
injected  with  immunogen  aril  gave  high  titers  of  serum  antibody  as 
Pleasured  by  enzyme  immunoassay.  Parent  coll  linos  as  well  as 
first-  and  second-generation  cloned  cell  lines  were  stored  frozen 
and  are  being  maintain'd  at  -13'>l>1'. 

4.0  USE  OF  BIOMOLECULAR  MODELS  AS  CATALYTIC  MEDIATORS  ON 

ELECTRODE  SURFACES 
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Progress  Made 


1  Synthetic  Studies  of  Di benzot etraaza [ 14 ] annulene 
Macrocvcles  and  Their  'transit  ton  Metal  Compounds 
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The  attempted  preparation  of  the  tetraphenyl  macrocycle  via 
reaction  conditions  normally  used  in  the  synthesis  of 
dibenzotetraaza [ 14 ] annulenes  resulted  in  the  formation  of  a 
diamine  adduct  of  bis ( 1 , 3-diphenyl-l , 3-propanedionato) - 
nickel(II).  An  earlier  report  of  the  synthesis  of  the 
tetraphenyl  macrocycle  as  its  iron (III)  complex  has  been  shown  to 
be  incorrect.  The  "iron(III)  macrocycle"  is  a  diamine  adduct  of 
an  iron(III),  1 , 3-diketonate .  The  chemistry  of  bis(l,3- 
diketonato) nickel (II ) bis ( 1 , 2-diamino-benzene)  adducts  was  briefly 
investigated . 


The  use  of  an  unsymmetric  1,3-diketone  in  the  synethesis  of 
dibenzotetraaza [ 14 ] annulenes  raises  the  possibility  of  an 
isomeric  mixture.  If  one  of  the  diketone  substituents  is  large, 
then  this  substituent  may  have  a  controlling  influence  on  the 
distribution  of  the  isomers.  Ligands  prepared  from  1-phenyl-l , 3- 
butanedione  and  some  of  its  derivatives,  as  well  as  a  ligand 
using  5-methyl-2 , 4-hexanedione,  have  been  prepared,  characterized 
and  the  effect  of  the  bulky  substituent  examined. 


4.2.2 


New  Macrocyclic  Synthesis  -  Investigations  of  Template 
Mechanisms 


The  "ster ical ly-crowded"  ligand,  6,  8,  15,  17-tetra- 
phenyLdibenzo[b, i] [ 1 ,4,8, 11 ) tet raazacyc 1 otetraedecene  has  been 
prepared  and  isolated  as  its  nickel (II)  complex.  The  reaction  is 
low  yield  but  a  usetul  amount  ot  product  can  be  obtained  on  a 
reasonable  (20  mmol)  reaction  scale.  The  template  reaction 
proceeds  through  an  [tJ,N"-(l,  l-propane-d  iy  Lidene)  bis(l,2- 
ben/oned iami nato) ) nickel (II )  intermediate  and  this  species  has 
seen  isolated  and  character i zed .  The  electrochemistry  ol  the 
nickel  ( I  l )  macrocycle  indicates  that  it  does  not  polymerize  on 
electrode  su rfare.  The  second  irreversible  oxidation,  the 
1  ;  mat  i  on  o!  the  cat  ionic  I’i  -diradica  I  ,  is  at  a  higher  potent  i  a  1 
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indicates  that  the  template  reaction  intermediate  is  a  [N,N'~ 

(1, 3-propanediylidene) bis (1, 2-benzenediaminato) ] nickel (II)  cation 
analogous  to  the  intermediate  observed  in  the  synethesis  of  Me4- 
and  Ph4-Bzo5 [14]tetraeneN^Ni.  Two  substituted  derivatives  of 
Me2Ph2~Bzo2 fl4 ] tetraeneN4Ni  were  prepared  and  in  each  case  the 
only  isomer  observed  was  the  cis-macrocycle  indicating  that  para- 
substituents  on  derivatives  of  1-phenyl-l , 3-butane-dione  have  no 
effect  on  the  template  condensation  or  the  isomers  formed  in  this 
reaction.  To  date,  no  evidence  of  trans-Me2Ph2~ 

Bzo2 [ 14 ] tetraeneN4  has  been  observed. 

The  nickel (II)  template  condensation  of  1,2-diamino-benzene 
and  5-methyl-2 , 4-hexanedione  was  also  investigated  and  this 
reaction  yields  a  mixture  of  isomers.  There  are  no  structural 
features  of  the  macrocyclic  ligand  that  would  allow  steric 
interactions  between  the  diamino-phenyl  rings  and  the  isopropyl 
groups  to  be  eliminated  thus,  there  is  no  sterically  preferred 
isoemr  of  Me2 ( i-Pr) 2-Bzo2 [ 14 ] -tetraeneN4 . 

The  attempted  preparation  of  the  sterically-crowded 
macrocycle,  Ph4~Bzo2 [ 14 ] tetraeneN4Ni ,  via  a  template  condensation 
results  in  the  isolation  of  the  bis (1 , 2-diaminobenzene) adduct  of 
bis ( 1 , 3-diphenyl -1 , 3-propane-dionato) nickel ( II ) .  Extended  reflux 
of  this  adductT  does  not  induce  macrocycle  formation  and  the 
crystal  structure  illustrates  the  steric  problems  that  might  be 
encountered  during  macrocycle  formation. 
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ons  of  bis ( 2 , 4-pentanedi onato) nickel ( II ) -bis ( 1 , 2- 
were  refluxed  under  different  conditions,  the 
d  varied  greatly.  Although  the  yield  was 
uxing  1-butanol,  the  standard  literature 
thanol  or  methanol.  However,  in  order  to  achieve 
Ld  using  1-butanol,  it  was  necessary  to  add 
o  the  reaction  mixture.  It  appears  that  the 
is  necessary  to  prevent  o*  igermi ration  of  the 
iketonato  once  the  labile  diamine  ligands  have 
e  macrocyclic  yield  is  therefore  enhanced  if  the 
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4.2.3  Transition  metal  complexes  of  Tetraazaannulene  Ligands  - 
Characterizations 

A  series  of  nickel (II)  tetraazaannulenes  complexes  of  the 
ligand  [Me4  (RBzo)  2 [ 14 ] tetraeneN4 ]  shown  below,  where  R  =  H,  CH-j, 
Cl,  C02CH3,  C02C3H7,  and  N02,  were  investigated.  The  sensitivity 
of  the  complexes  to  substituents,  in  terms  of  their  redox  and 
spectral  properties,  was  quantitated  using  the  Hammett  equation. 


R 


R 


The  resulting  values  have  been  discussed  and  analogies  have  been 
made  between  similar  studies  involving  macrocyclic  complexes  and 
metal loporphyr ins . 

The  copper(II)  and  cobalt(II)  complexes,  where  R  =  H  and  R  = 
C02CH3,  were  also  examined  and  comparisons  made  between  the 
electrochemical  and  spectral  properties  of  the  corresponding 
nickel (II)  analogues.  The  products  formed  upon  electrochemical 
oxidation  and  reduction  were  studied  and  identified  using  ESR  and 
optical  spectroscopy.  The  interaction  of  these  complexes  with 
superoxide  was  examined  and  the  results  have  been  compared  to 
similar  systems  including  metalloporphyrin  superoxide  adducts. 

In  a  related  study,  it  was  found  that  nickel (II)  and 
copper(II)  tetraazaannulenes  from  electroactive  polymer  films  on 
electrode  surfaces  following  eletrochemical  oxidation.  A 
systematic  study  of  the  physical  and  chemical  properties  of  the 
films  formed  the  nickel(II)  series  was  carried  out  using  XPS,  AA, 
and  optical  spectroscopy.  These  data  indicated  tha-  polymeric 
films  were  formed  via  coupling  of  ligand  radicals  at  the 
carbon  of  the  d i iminate  i ramework.  The  catalytic  nature  of  the 
nickel (II)  film  formed  from  the  R  =  H  derivative  was  investigated 
by  following  reduction  ol  C00  to  HC02 ( formate; ,  utilizing  cyclic 
vol tammetric  and  1 X  NMR  techniques.  The  ana. ogous  copper (II) 
film  was  also  electroactive  and  catalyzed  he  reduction  of  0 "  to 
02  ~.  Possib '  e  mechanisms  have  been  discusser,  has.-  i  on  sir.'  I  nr 
catalytic  studies  ir  /olving  surface  modi  ft-  e  •  •ctrodes . 


4.2.4  Electrochemical  Properties  of  i'icke  oroc-'c  ’  es 

The  prepa  ration,  spectral  pi  pert  i  es ,  i  red  - 
ch  '.eristics  of  a  series  of  nickel  (  i  I)  •  •  m-dexes  was 
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e1/2»  was  a^so  observed  that  varied  from  -1.51  to  -1.79  V.  The 
oxidations  compared  favorably  to  the  redox  behavior  of  a 
copper (II)  analogue  and  the  free  base  ligand,  and  hence,  were 
assigned  as  a  ligand  based  oxidations.  The  nickel (II)  complex  (R 
=  C02CH3)  was  coulometrically  reduced  by  one  electron  and  an  ESR 
spectrum  obtained  at  77  K.  Two  g  values,  gjj  =  2.119  (±0.002) 
and  gj_  =  2.022  (±0.002),  characteristic  of  a  nickel  (I)  derivative 
were  obtained.  Several  intense  uv-visible  absorptions 
characteristic  of  charge  transfer  processes  were  observed.  The 
bands  in  the  near  uv  were  assigned  as  intraligand  transitions. 

The  single  band  in  the  visible  region  was  unique  to  the  metal 
complexes  and  the  energy  maximum,  V~max,  of  the  band  ranged  from 
17.4  to  16 . 6kK .  Hammett  plots  of  E-mi  ,  E  p(2)'  Ei/2,and  max 
(kK)vs.  2cr~vere  linear  and  had  slopes  of  0.20,  0.19,  and  0.23, 
and  -0.36,  respectively.  Plots  ofy~max  (e.V.)  vs.  E  and  E 

were  also  linear.  On  this  basis  and  on  the  basis  or  trie  redox 
assignments  of  E  and  Ew2/  the  visible  absorption  band  was 

assigned  as  ligana  to  metal7 charge  transfer. 


The  electrochemical,  spectral,  and  chemical  properties  of  a 
somewhat  more  limited  series  of  Cu(II)  and  Co(II) 
tetraazaannulene  complexes  of  the  ligand 
[Me4  (RBzo)  2[14]tetraeneN4]2-  (R  =  H,  CO^CH-j)  were  also 
investigated.  The  copper  complexes  exhibited  two  irreversible 
oxidation  peaks  centered  at  0.37  and  0.87  V  for  R  =  H  and  at  0.54 
and  1.05  V  for  R  =•  C02CH3 ,  whereas  the  cobalt  complexes  exhibited 
three  reversible  oxidations  at  E-j/2  =  0.001,  0.55  and  1.04  V  for 
R  =  H  and  at  0.05,  0.67,  and  1.217V  for  R  =  C02CH3 .  The  Ejy2 
values  for  reduction  of  the  copper  complexes  were^-1.39  V  for  R  = 
H  and  -1.17  V  for  R  =  C02CH3,  while  the  analogous  cobalt 
complexes  exhibited  reduction  peaks  at  -1.65  V  and  -1.45  V, 
respectively.  A  plot  of  the  differences  in  redox  potentials 
between  the  first  ligand  oxidation  and  metal  centered  reduction 
vs.  the  energy  of  the  first  visible  transition  was  linear, 
verifying  the  ITiCT  transition  assignment.  Oxidation  of  the 
cobalt  complex  (R  -  H)  by  controlled  potential  electrolysis 
resulted  in  a  blue  absorbance  shift  from  16.8  kK  to  18.4  kK  after 
removal  of  the  first  electron  and  to  18.5  kK  after  removal  of  the 
second  electron.  The  second  oxidation  product  exhibited  an 
isotropic  ESR  spectrum  with  g  =  2.0027  (  *0.0003).  Oxidation  of 
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R  =  H)  resulted  in  formation  of  a  copper ( 
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pyridine  and  gave  ESR  parameters  of  =  1.998  (±0.002),  g^  = 
2.086  (+0.002),  A  =  8.95  (+0.5)  x  10  4  cm"^  and  Aj_  =  18.68 
(+0.5)  x  10-4  cm-1.  The  interaction  of  the  copper  complex  (R  = 

H)  with  0o—  was  noted  by  the  fact  that  the  molar  absorptivity 
doubled  at  15.6  kK  upon  stiochiometric  addition  of  02~.  In 
addition,  02  was  reduced  at  a  more  favorable  potential  at  a 
surface  modified  electrode  containing  a  polymer  film  of 
Cu[Me4Bzo2 [tetraeneN4] ,  which  was  shifted  70  mV  from  the  observed 
for  a  bare  electrode. 


4.2.5  Electrochemically  Induced  Polymerization-Surface  Modifed 
Electrodes 

A  series  of  surface  modified  electrodes  based  on  the 
oxidative  electropolymerization  of  the  monomeric  complexes, 
characterized  earlier,  Ni [Me4 (RBzo) 2 [ 14 ] tetraeneN4 ]  (R  =  CH3,  H, 
Cl,  C02CH3,  C02C-jH7,  and  N02)  ,  were  examined.  The  monomers 
polymerized  to  give  polymers  of  the  form  (Ni [Me4 (RBzo) 2 
[ 14 ] tetraeneN4 ] )n  which  formed  thin  films  on  electrode  surfaces. 
These  films  formed  on  the  electrode  by  constant  potential 
electrolysis  at  +1.4  V,  cycling  from  +1.4  to  -2.0  V,  and  cycling 
from  0  to  +1.4  V  vs.  SSCE.  Films  formed  on  Pt,  Au,  glassy  carbon 
and  Sn02  surfaces,  in  acetonitrile,  methylene  chloride,  and 
propylene  carbonate  solutions  containing  various 

tetraalkylammonium  salts  as  electrolytes.  The  magnitude  of  film 
growth  depended  on  the  method  of  deposition,  the  solvent,  and  the 
rate  of  cycling;  i.e.  five  cycles  from  +1.4  V  to  -2.0  V  vs.  SSCE 
(at  a  scanning  rate  of  200  mV/s)  resulted  in  124  "monolayers" 
forming  on  a  Pt  disk  electrode  in  an  acetonitrile  solution  which 
was  0.1  M  TEAP,  184  "monolayers"  at  50  mv/s,  and  12  "monolayers" 
in  propylene  carbonate  at  200  nV/s.  Film  growth  was  also 
dependent  on  the  electrolyte  and  the  electrode  surface.  The 
modified  electrodes,  when  transferred  to  neat  electrolyte 
solutions,  continued  to  exhibi4  three  surface  waves.  For  various 
R  derivatives,  E0'(l)  ranged  from  0.51  to  0.70  V,  E  '(2)  ranged 
from  0.9  2  to  1.12  V,  and  EQ '  (  i )  r<>.  nged  from  -1.25  to  -1.84  V  vs. 
SSCE.  E0'(l)  and  EQ'(2)  wer<:  assigned  as  ligand  oxidations, 

EQ'(3)  as  a  metal  centered  reduction.  The  surface  of  the  film 
appeared  smooth;  however,  at  higher  SEM  magnification  the  surface 
exhibited  a  ridged  appearance.  Visible  and  infra -od  spectra 
suggested  that  the  nickel  macrocycle  remained  in  the  film;  XPS 
data  indicated  that  the  Ni  to  N  ratio  was  1:4. 


4.2.6  F.loctrocataly tic  C02  Reduction 

Oxidative  electropolymer  irat  i  on  of  Ni  [  Me  .  ilzo.,  ( 1  4  J  tet.  monc.’J  .  ] 
r-sultv-d  in  the  formation  of  s4.  ab !  e ,  electrochemical  ;  y  active 
films  on  Glassy  carbot  (GC)  an<  platinum  (Pt)  electrodes. 

Modified  electrodes  exhibited  ;  ur'  ace- bound  redox  active  Hi  (11/7) 
centers  whicn  were  catalyti cal  y  uctve  towards  tt  luction  cl 

C  >2  to  HCO-  (  formate)  .  In  cycl  e  vc  ].  ■  .■■mmetric  experiments,  the 
c  italytir  reduction  was  carrio  o;  t  th  a  GC  elo  ;tr"d  ?  in  CO-,- 


saturted  solutions.  In  the  absence  of 

{ Ni [Me4Bzo2 [ 14 ] tetraeneN4 ] }n,  negligible  current  was  observed 
when  scanning  from  0.0  to  -2.0  V.  However,  when  the  same  range 
was  scanned  using  a  GC  electrode  modified  with 

{Ni[Me4Bzo2[14]tetraeneN4] }n,  and  a  30  mV  shift  in  the  potential 
of  the  Ni(II/I)  surface  wave  were  observed.  Formate  was 
identified,  using  13C  nuclear  magnetic  resonance  spectroscopy 
(NMR) ,  as  the  main  reduction  product  in  controlled  potential 
electrolysis  experiments  involving  reduction  of  13C02  at  -1.85  V 
at  a  Pt  electrode  modified  with  { Ni [Me4Bzo2 [ 14 ] tetraeneN4 ] }  . 

5.0  METHANOGENIC  BACTERIA 

5.1  Original  Objectives 

To  characterize  certain  aspects  of  the  mechanism  of 
reduction  of  C02  to  CH4  by  methanogenic  bacteria  in  order  to 
better  develop  biomaterials  for  use  in  the  catalytic  reduction  of 


5.2  Progress  Made 

5.2.1  Summary  of  Nickel (II)  Tetraazaannulene  Film 

Electrochemistry  With  Methyl-Coenzyme  M  (ch3com) 

In  an  effort  to  understand  the  role  of  F430  in  the  last  step 
of  CH3C0M  reduction  to  CoM  and  CH4 ,  the  electrochemical  reduction 
of  CH3C0M  was  attempted  using  a  nickel (II)  tetraazannulene  film 
surface  modified  electrode  as  a  model  for  F43q.  The  complex 
N i [ Me4 Bzo2 [ 14 ] tetraene  N4 ]  (NiN4)  was  synthesized  and  used  to 
form  stable  electrochemical!/  active  films  on  glassy  carbon 
electrodes  by  an  oxidative  electro-polymerization  mechanism.  In 
preparation  for  the  proposed  experiments  with  CH3C0M,  these  film 
electrodes  were  characterized  in  2%  v/v  CH3OH  in  0.1  M  TEAP/CH-jCN 
with  the  added  CH3OH  both  solubilizing  the  CH^CoM  and  also 
providing  the  system  with  a  proton  donor  for  she  reduction  of 
CH3C0M  to  CH4 .  Film  behavior  in  2t  v/v  CH3OI;  in  0.1  M  TEAP/CH-jCN 
was  .suite  similar  to  that  in  0.1  M  TEAP/CH3CN  alon"  with  the 
N  i  { 1 1 / 1 )  reduction  couple  present. 

Cyclic  voltammetry  control  experiments  .1  2%  v  v  CM  ,OH  in 
0.1  M  TEAP/CH3CN  indicated  that  neither  CH  ,C<  M  or  <’  M  wore 
reduced  at  a  naked  glassy  carbon  electrode  i  the  u.  si  ion  *0.5  to 
-2.0  V  (Ag/AgCl )  .  To  determine  if  CH3C0M  an  /or  wou  Id  ;e 

reduced  at  a  N  i  N  4  film  electrode,  a  N  iN4  til:  el  •  ode  was.  first 
cycled  in  0.1  M  TEAP/CH3CN  to  establish  its.  "back  r  ound"  roan  and 
then  either  1  mM  CH3C0M  or  CoM  in  CH3OH  war.  idod  to  the  ceil  and 
the  f0.5  to  -2.0  V  (Ag/AgCl)  region  scanne  i  ja  i  r  .  Slight, 
differences  in  the  scan  appearances  were  obs*  rve> ;  ;  hc.wever,  the 
P'*ak  cu  t  n  :it  for  the  Ni  (II/I)  couple  at  -1.7'  V  Ag/AjCl)  did  net 
increase  and  no  catalytic  wave  was  present.  An  increase  in  the 
N  i  (11/1)  peak  current  <.  catalytic  wave  would  i  ...•  ex  pected  il 
i  rite: act  ion  and  election  transfer  had  occur  r*  d  bet  we.  n  the  nickel 
center  and  the  sulfur  atom  of  CH  3  CoM  .  Exper  meat:  d<  no  at  s  1  >  >w-  •  r 


scan  speeds  (5  mV/sec) ,  with  the  NiN4  complex  and  CH3C0M  both 
free  in  solution,  and  the  same  experiments  in  DMF  with  a  negative 
potential  limit  of  -3.0  V  (Ag/AgCl)  also  indicated  that  on  the 
time  scale  of  the  CV  experiments  no  interaction  was  occurring 
between  CH3C0M  and  the  NiN4  film  electrode. 

To  further  explore  the  possibility  of  a  Ni-S  interaction  on 
a  slower  time  scale,  a  series  of  controlled  potential 
electrolysis  experiments  were  done  involving  NiN4  film  electrodes 
alone  and  with  CH3C0M  in  both  0.1  M  TEAP/DMF  and  2%  v/v  CH3OH  in 
o.l  M  TEAP/DMF.  The  electrolysis  experiments  were  monitored  for 
the  presence  of  CH3C0M,  CoM  and  also  disulfide  by  both  current 
and  total  charge  measurements,  and  also  by  TLC  of  aliquots 
removed  from  the  electrolysis  cell  at  various  times  during  the 
electrolysis.  These  experiments  also  showed  that  CH3C0M  was  not 
reduced  to  either  CoM  or  (-SCoM)2  in  0.1  M  TEAP/DMF  or  2%  v/v 
CH3OH  in  0.1  M  TEAP/DMF  by  either  a  naked  glassy  carbon  electrode 
or  a  NiN4  film  electrode.  The  electrolysis  of  CH3C0M  in  2%  v/v 
CH3OH  in  0.1  M  TEAP/DMF  with  NiN4  complex  in  solution  using  a 
naked  glassy  carbon  electrode  also  gave  negative  results. 

It  appears  that  although  NiN4  does  share  many  similar 
structural  features  with  F43q,  the  pronounced  difference  in  axial 
electrophilicity  between  F^q  and  NiN4  has  prevented  the 
observation  of  any  interaction  between  the  NiN4  surface  modified 
film  electrode  and  CH3C0M . 


5.2.2 


Summary  o  f  *430  Solution  Electrochemistry,  Alone  and 
With  CH3CoM  and  Various  Mediators. 
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CH3C0M,  CoM  and  their  two  corresponding  a  i  cohol s  ( <  ii  jS;d7CH  ,OH 
ana  HSCH2CH,OH)  was  also  studied  at  a  freshly  p  3’,  ished  i’t 
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any  electr<  chemistry  over  the  4-0.25  to  -1..  V  (Ac/z-gCl)  region 
examined.  borne  differences  were  seen  in  *  re  appearance  of  the 
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Pt  surface  before  performing  a  cyclic  voltammetry  experiment  with 
F430  were  also  done,  but  resulted  in  no  strong  evidence  for  Ni-S 
interaction. 

The  use  of  an  additional  reducing  agent  or  redox  mediator  in 
the  F430CH3C0M  system  has  also  been  studied.  Dithiothreitol 
addition  gave  no  effect  in  the  system.  FAD  was  also  introduced 
as  a  mediator  both  free  in  solution  and  through  the  use  of  a  FAD 
surface  modified  glassy  carbon  electrode,  but  again  no  current 
increase  was  observed  in  the  F43Q  nickel  couple  in  the  presence 
of  CH3C0M  and  the  added  FAD. 

6.0  A  NEW  CLA88  OF  MATERIALS:  SYNTHETIC  ORGANIC/CERAMIC 

COMPOS ITE8 

6.1  Original  Objectives. 

1)  To  determine  the  particular  components  of 
biological  matrices  that  promote  mineralization. 

2)  To  determine  the  influence  of  the  bulk  solution  on 
crystal  formation. 

3)  To  fabricate  hydrogels  that  will  serve  as  neutral 
supports  for  the  biologically  active  matrix 
components. 

4)  To  mineralize  these  hydrogels  and  determine 
physical  and  mechanical  properties. 

6.2  Progress  Made. 

6.2.1  Studies  of  Biological  Nucleating  Agents 

Our  first  goal  was  to  determine  which  component (s)  of  the 
macromolecular  matrix  promotes  mineralization  in  biological 
systems  so  that  we  could  fabricate  organic/ceramic  materials  by 
mineralizing  special  synthetic  polymers.  Because  of  our  previous 
experience  and  the  relatively  less  complex  nature  of  the  system, 
we  used  molluscan  shell  matrix  as  the  biological  model. 

From  our  previous  research,  we  knew  that  molluscan  shell 
matrix  is  divided  into  two  fractions;  a  larger,  water  insoluble, 
hydrophobic  fraction  and  a  smaller,  water-soluble  fraction  that 
specifically  binds  calcium.  The  water-soluble  fraction  is  a 
polyanionic,  sulfated  glycoprotein  located  at  the  site  of  initial 
crystal  formation.  This  polyanionic  site  is  localized  in  the 
hydrophobic  domain  of  the  insoluble  matrix.  It  seemed  likely 
that  this  pclyanion  has  a  central  role  in  inducing  mineral 
formation.  For  the  polyanionic  fraction  to  lunction  in  this 
manner,  it  rust  be  fixed  to  a  r.urf  >.ce.  In  solution,  the 
polyanion  inhibits  crystal  growth.  A  similar  model  of  mineral 
indiction  in  which  ethylene  dirmine  tetraacetic  acid  (KDTA)  was 
the  anion  n.s  been  described.  When  EDTA  was  absorbed  onto 
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Formvar  it  induced  mineral  formation.  When  EDTA  was  free  in 
solution  it  inhibited  mineralization. 

We  began  studies  to  determine  whether  the  polyanion  would 
induce  mineralization  from  solutions  having  a  calcium-carbonate 
activity  product  and  pH  like  those  of  molluscan  body  fluids  and 
which  did  not  spontaneously  precipitate. 

The  initial  studies  were  conducted  using  the  matrix  from  the 
nautiloid  septal  nacre.  We  decalcified  the  nacre  with  low  ionic 
strength  EDTA  and  0.5%  cetyl  pyridinium  chloride.  From  our 
previous  work  we  knew  that  this  procedure  would  fix  the  polyanion 
on  the  insoluble  matrix.  The  insoluble  matrix  alone  was  used  as 
a  control. 

Calcium  carbonate  spherulites  were  formed  on  the  matrix 
surface  during  the  8-hour  incubation  period.  Infrared  analysis 
showed  that  the  first  deposits  were  amorphous.  With  an 
additional  time  (ca  4  hr.)  aragonite  was  present.  When  the 
calcium  activity  of  the  solution  was  tripled,  more  numerous 
acicular  and  blade-like  crystallites  were  induced  on  the  surface. 
Some  typical  calcite  crystals  were  also  deposited.  Mineral 
induction  was  not  observed  in  the  absence  of  the  matrix  nor  when 
the  insoluble  matrix  alone  was  incubated  in  the  solutions.  These 
results  show  that  the  polyanionic  glycoprote  in  from  molluscan 
shell  induces  mineral  format  ion,  but  only  when  it  is  attached  to 
the  insoluble  matrix. 

These  initial  studies  were  made  only  in  the  early  stages  of 
mineralizaiton,  and  they  were  conducted  under  essentially 
constant  composition  conditions  in  that  we  did  not  detect  a 
change  in  either  the  calcium  or  carbonate  concentrations.  This 
approach  was  adopted  to  ascertain  the  function  of  the  polyanionic 
glycoprotein  in  the  induction  of  mineral  deposition. 

Our  next  experimental  approach  was  to  determine  if  the 
molluscan  glycoprotein  could  induce  mineral  formation  when  it  was 
attached  to  other  insoluble  substrates,  such  as  synthetic 
hydrogels.  In  these  studies  we  coupled  the  polyanionic  protein 
to  well-defined  synthetic  polymers,  commercially  available 
hydrogels.  We  also  used  a  phosphate  rather  than  a  carbonate 
system  lor  these  studies  because  the  anion  is  easier  to  control, 
since  it  does  not  exchange  with  the  atmosphere,  and  because 
phosphate  ceramics  will  have  greater  applicability  than 
on rbonatos . 


For  these  experiments  wo  coupled  the  col  van  ionic 
: ! yooprotein  isolated  form  mollusc  in  shell  with  glutaraldehyde  to 
cc  l  icryl amide  beads.  This  modi  fir  1  matrix  induced  calcium 
ch  .sphatc  formation  onto  the  beads  from  so  ub ions  that  do  not 
a  nt  :  noous 1  y  precipitate.  with  longe-  in  u  bat  ions,  and  a 
;  :.t  inuous  supply  ol  calcium  and  phosj  iatt  a  solid  mass  oi 
a  •  or-:  1  a.nd  beads,  is  form'd.  In  the  c  irl}  stages,  the  molar 


calcium/phosphate  ratio  in  the  deposited  mineral  is  1.2.  This 
ratio  increases  to  1.5  with  further  mineral  deposition. 

The  studies  described  thus  far  were  designed  to  achieve 
mineral  formation  on  the  surfaces  of  natural  and  synthetic 
matrices.  The  question  arose  as  to  whether  a  sufficient  supply 
of  lattice  ions  could  diffuse  into  the  internal  domains  of 
hydrogels  to  form  highly  mineralized  composites.  This  question 
was  addressed  directly  by  determining  whether  a  hydrogel 
containing  a  ceramic  filler  can  induce  further  mineralization. 

For  these  experiments  polyhydroxyethyl  methacrylate  (polyHEMA) 
containing  a  fine  calcium  phosphate  filler  (40%)  was  incubated  in 
the  mineralizing  solution.  Additional  mineral  (up  to  80%)  was 
deposited  in  these  filled  hydrogels.  These  experiments  indicate 
that  a  sufficient  supply  of  lattice  ions  can  diffuse  into  the 
hydrogels  to  form  highly  mineralized  composites. 

In  summary,  we  have  identified  the  soluble,  calcium  binding, 
sulfated  glycoprotein  as  the  matrix  component  that  induced 
mineral  formation  when  it  is  immobilized.  This  mineralization  is 
effected  whether  the  glycoprotein  is  attached  to  the  insoluble 
fraction  of  the  shell  matrix  or  to  synthetic  hydrogels.  We  have 
also  shown  that  lattice  ions  can  diffuse  into  hydrogels  at  a  rate 
sufficient  for  the  mineralization  of  the  hydrogel. 

6.2.2  Hydrogels 

Polyvinyl  pyrrolidone  (PVP)  is  biocompatible  and  provides 
gels  which  contain  as  much  as  several  thousand  percent  water. 
Therefore,  these  gels  are  good  candidates  as  matrices  for 
biological  mineralizing  agents.  In  the  limit  of  high 
mineralization,  they  might  provide  ceramic  material  with  small 
amounts  of  residual  polymer  sufficient  to  limit  crack  growth  and, 
thereby,  brittle  fracture.  However,  a  disadvantage  of  PVP 
hydrogels  is  their  mechanical  weakness  which  makes  handling 
difficult  or  impractical.  For  this  reason,  a  major  objective  was 
to  make  highly  swollen  PVP  hydrogels  of  increased  strength.  Some 
improvement  can  be  affected  by  covalent  cross  1  i nki ng ,  bur  this  is 
limited  by  increasing  brittleness  with  increasing  concent  rations 
of  crosslinks.  In  some  other  hydrogels  it  has.  been  four,  i  that 
mechanical  properties  can  be  improved  by  contra,  ot  chemical 
(covalent;  and  physical  (especially  hydrophobi  crosslinking. 

It  was  pointed  out  that  small  clusters  of  hydronhobic  groups  in  a 
predominantly  hydrophilic  network  may  serve  to  increase'  oad 
bear  5  no  y**t  with  avoidance  of  the  embr  itt  lemon*.  caused  re  carbon- 
carbon  or  rssl inks. 

The  hydrophobic  monomers  chosei  l  or  copolymer  izat  .  i  wit: 
vinyl  pyrrol  i  done  (VP)  were  methyl  methacrylate  anil  me*:  y! 
lery.a'e;  tet  raethy  lone  glycol  dime*  haerylate  <  TEGMD) 
intr  iduce-  a:  a  covalent  cross linke  . 

Hydrf  jo  1  s  were  prepared  by  gamma- i  r r  id  i  at  ’  cn  of  a  ju-h>us 
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served  to  prevent  phase  separation,  giving  hydrogels  of  improved 
optical  clarity  and  mechanical  strength.  As  expected,  inclusion 
of  the  hydrophobic  monomers  did  improve  strength  over  hydrogels 
prepared  from  just  VP  and  TEGMD.  A  marked  difference  from 
ordinary  hydrogels  was  in  the  occurrence  of  a  yield  strength. 
Hydrogels  generally  conform  simply  to  the  theory  of  rubber 
elasticity  without  a  yielding  phenomenon.  Presumably  in  the  VP 
copolymer  hydrogels  the  stress  is  concentrated  on  physical 
(hydrophobic  domain)  crosslinks  which  eventually  yield  instead  of 
giving  rise  to  large  unrelieved  stress  concentrations  which 
result  in  fracture. 

Information  about  the  structure  of  VP  copolymer  hydrogels 
was  deduced  from  measurements  of  glass  transition  temperatures, 

T  ,  using  a  differential  scanning  calorimeter  (DSC) .  Microphase 
separation  could  be  detected  by  the  occurrence  of  two  values  of 
T  in  a  single  sample  and  compositions  analyzed  quantitatively 
using  a  copolymer  equation.  By  this  means  it  was  demonstrated 
that  the  best  limit,  microphase  separation.  A  fuller  account  of 
work  on  VP  copolymer  hydrogels  is  given  in  an  accompanying 
reprint . 

For  some  purposes  it  would  be  desirable  to  be  able  to 
prepare  VP  copolymer  hydrogels  by  methods  other  than  by  gamma - 
irradiation.  A  wide  range  of  other  free  radical  techniques  were 
tried  but  without  success.  At  present  it  appears  that  high 
energy  irradiation  is  unique  in  yielding  satisfactory  products. 
This  distinction  is  potentially  important  but  ±s  being  checked 
further.  In  the  past  there  have  been  too  many  premature  reports 
of  results  unique  to  high  energy  irradiation. 
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One  of  the  methods  to  be  used  to  monitor  the  effect  of 
mineralization  of  hydrogels  on  mechanical  properties  is  by 
dynamic  mechanical  analysis  (DMA) .  Preliminary  analyses  of 
unmineralized  hydrogel  controls  (made  from  HEMA:  43%  water) 
revealed  a  glass  transition  near  -140°C.  In  contrast,  dehydrated 
specimens  (xerogels)  had  no  transition  near  this  temperature. 

The  transition  was  attributed  to  vitrification  of  water,  by 
comparison  with  reports  that,  from  extrapolation  of  data  on 
aqueous  solutions,  Tg  =  -137  ±l°c  for  water. 

Although  the  crystallizaiton  of  water  can  be  prevented  in 
very  confined  spaces  on  cooling,  e.g.  between  sheets  of  glass 
separated  at  <1  //m,  it  is  believed  that  vitrification  of  water  is 
only  to  be  expected  at  extremely  high  rates  of  cooling. 

Therefore,  the  present  claim  of  vitrification  is  surprising. 

Other  workers  have  interpreted  similar  observations  on 
protein/water  systems  as  an  interfacial  water  phenomenon.  An 
important  factor  in  any  interpretation  is  in  a  correct  assignment 
of  a  value  of  T^.  Most  workers  in  DMA  characterization  assign  a 
value  by  reference  to  the  temperature  at  which  there  is  a  maximal 
mechanical  loss  (tan  delta) .  However  a  case  has  been  made,  in 
studies  of  hydrophobic  crossl inked  networks,  that  it  is  more 
appropriate  to  assign  Tg  by  reference  to  the  thermal  dependence 
of  moduls  of  elasticity.  The  main  justification  for  this 
procedure  is  that  it  gives  T„  values  in  better  agreement  with 
values  obtained  by  more  convential  assignments  of  the  temperature 
dependence  of  thermal  expansion. 

Further  evidence  was  given  to  the  vitrification  hypothesis 
by  showing  that  gels  prepared  using  glycerol,  in  place  of  water, 
vitrified  at  -80°C.  This  is  the  same  value,  as  detected  by  DSC, 
for  vitrification  of  glycerol  alone. 
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